Pain is a major health concern even though numerous analgesic agents are available. Side effects and lack of wide-spectrum efficacy of current drugs justify efforts to better understand pain mechanisms. Stabilization of natural epoxy-fatty acids (EFAs) through inhibition of the soluble epoxide hydrolase (sEH) reduces pain. However, in the absence of an underlying painful state, inhibition of sEH is ineffective. Surprisingly, a pain-mediating second messenger, cAMP, interacts with natural EFAs and regulates the analgesic activity of sEH inhibitors. Concurrent inhibition of sEH and phosphodiesterase (PDE) dramatically reduced acute pain in rodents. Our findings demonstrate a mechanism of action of cAMP and EFAs in the pathophysiology of pain. Furthermore, we demonstrate that inhibition of various PDE isozymes, including PDE4, lead to significant increases in EFA levels through a mechanism independent of sEH, suggesting that the efficacy of commercial PDE inhibitors could result in part from increasing EFAs. The cross-talk between the two major pathways-one mediated by cAMP and the other by EFAs-paves the way to new approaches to understand and control pain.
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nociception | antinociceptive | epoxyeicosatrienoic acid P ersistent pain is a serious health problem associated with numerous disease states (1) . The interaction of many of complex biological pathways is essential for the development of persistent pain, whether inflammatory or neuropathic (2) . Thus, numerous available analgesic agents that target a single pathway lack wide-spectrum efficacy and display side effects, which justifies efforts to better understand pain mechanisms (3) . Interfering with one of these pathways, the COX branch of the arachidonic acid (ARA) cascade, is a well accepted strategy for reducing inflammatory pain, although COX inhibitors are ineffective in reducing neuropathic pain (4) . Another branch of the ARA cascade yields natural epoxy-fatty acids (EFAs) when ARA is oxygenated by several cytochrome P450 isozymes (5) . The ARA metabolites [epoxyeicosatrienoic acids (EETs)] display anti-inflammatory and antinociceptive effects (6, 7) . Linoleic, eicosapentaenoic, and docosahexaenoic acids can also be converted to EFAs by cytochrome P450 isozymes, and these metabolites, like the EETs, display similar rapid antinociceptive effects (8, 9) . Stabilization and elevation of these EFAs by inhibition of the soluble epoxide hydrolase (sEH), the major enzyme that degrades EFAs, reduce inflammatory and neuropathic pain (10, 11) . Consistent with the diversity of the EFAs, in vivo inhibition of sEH results in a variety of beneficial effects, including antihypertensive, anti-inflammatory, and antinociceptive (i.e., pain-blocking) activities (7, (12) (13) (14) . However, in the absence of a persistent painful condition, inhibition of sEH does not alter withdrawal reflexes in response to intense thermal or mechanical stimuli (i.e., nociceptive pain) despite elevating EFAs. Here we investigated the interaction between the painmediating second messenger cAMP and EFAs that leads to decreased pain-related behavior in rodents.
Results
Elevation of EFAs Blocks Noninflammatory Pain. Inhibitors of sEH reduce inflammatory pain, consistent with other reports suggesting that EFAs are anti-inflammatory molecules (6, 9, 10) . However, sEH inhibitors (sEHIs) also block neuropathic pain in diabetic animals (10) . To test whether sEHIs are antinociceptive independent from reducing inflammation, here we induced pain by using prostaglandin E 2 (PGE 2 ). This model involving direct application of PGE 2 is devoid of a major inflammatory component and therefore pain elicited by this COX product is impervious to reversal by most drugs targeting the ARA cascade, including nonsteroidal anti-inflammatory drug (NSAIDs) (15) , selective cyclooxygenase inhibitors, and steroids (Fig. S1 ). In contrast to these agents, the sEHIs effectively blocked pain elicited by PGE 2 (Fig. 1A) , supporting the hypothesis that sEHIs reduce pain independent from their anti-inflammatory activity.
EFAs Act in a Pain-Dependent Manner. The sEHIs stabilize and thus elevate antinociceptive and anti-inflammatory EFAs whereas the NSAIDs reduce pain by blocking the synthesis of proinflammatory molecules. Unlike narcotic agents that are analgesic even in the absence of pain, the sEHIs have minimal effects on basal acute pain thresholds (Fig. 1B and Fig. S2 ) even at doses more than 30 fold greater than that needed to reduce existing pain (10) . Such sEHI levels elevate the EFAs and simultaneously decrease the inactive degradation products dihydroxy-fatty acids (FAs) in plasma and tissues regardless of the disease status of the animals ( Fig. 1C and Table S1 ). Therefore, elevation of the EFA levels per se does not appear to be sufficient to modulate painrelated behavior.
We tested if the pain-blocking effects of sEHIs require factor(s) in addition to elevated EFAs. We hypothesized that these factor(s) would be endogenously generated during the pain response. Thus, we evaluated the effect of the intensity of the pain state on the efficacy of sEHIs. Pain elicited by a series of increasing amounts of PGE 2 in the presence of a constant dose of sEHI was quantified (Fig. 2 A- C and E-G). Although sEHIs effectively blocked intense pain elicited by the high dose of PGE 2 (100 ng per paw), their efficacy diminished proportionally with lower doses of PGE 2 ( Fig. 2 D and H) . A major EFA, 14,15-EpETre, was recently reported to have no interaction with D-or E-prostanoid receptors (16) . Given that EFAs do not seem to be antagonists of the E-prostanoid receptors, these observations support the hypothesis that the pain-reducing effects of sEHI and EFAs are pain activity-dependent.
Phosphodiesterase 4 Inhibitor-Mediated Elevation of cAMP Instigates EFA Mediated Analgesia. PGE 2 activates E-prostanoid receptors and leads to adenylate cyclase activation, generation of cAMP, and subsequently pain (17) . Thus, we hypothesized that cAMP is an important chemical mediator, which, when present, dramatically increases the ability of sEHIs to reduce pain. Given that intracellular cAMP is increased by inflammation and is itself painful (17) (18) (19) (20) , in the following experiments we used healthy rats without inflammation or neuropathy and monitored acute pain-related behavior measured as withdrawal responses to thermal and mechanical stimuli.
This allowed us to test the effects of a constant dose of sEHI in a paradigm that is independent of an underlying pain status but in which cAMP is artificially elevated by using rolipram, a phosphodiesterase (PDE) 4 inhibitor (PDEi). Rolipram is reported to enhance existing pain when administered locally (21) . Here, systemic administration of rolipram itself was effective in elevating pain thresholds (Fig. 3) . Strikingly, sEHIs that were devoid of effect in healthy animals, when coadministered with the PDEi, largely blunted pain-related behavior, displaying an opioid-like analgesic effect (Fig. 3 ). These findings argue that Table S1 shows quantity and identities of analytes and Table S3 shows structures of sEHIs). The dose of sEHI that greatly increased plasma EFAs (Table S1 ) failed to show any change in perceived pain in these animals. EFAs and sEHI block pain by positively interacting with a cAMP-dependent pathway.
Although rolipram seemed to block acute nociceptive pain behavior in our experiments, it also led to decreased mobility as reported (22) . In contrast, the sEHI alone did not reduce mobility (Fig. S3) . At low doses of rolipram at which motor depressant effects are not maximal, a synergistic elevation in pain thresholds was evident if sEHI was coadministered (Fig. 3) . Given the depressant effects of rolipram, this could be a result of a synergistic increase in motor depression when sEHI and PDEi were administered. However, we did not observe a synergy in motor depression when sEHI and PDEi were administered (Fig.  S3) . Strikingly, 2 and 4 h after treatments, rolipram was devoid of effect on withdrawal latency whereas sEHI plus PDEi treatment was highly effective in attenuating pain-related behavior.
Inhibitors of PDE and sEH Have Distinct Pharmacological Actions but both Modulate Bioactive Lipids in Plasma. While quantifying plasma fatty acid epoxide/diol ratios in sEHI treated animals as a quantitative measure of target engagement, we included the plasma of PDEi-treated animals as negative control. It was unexpected to find that rolipram was highly effective in elevating absolute quantity of EFAs and fatty acid epoxide/diol ratios in plasma (Fig. 4) . Indeed, other selective PDEis also led to elevation of EFAs (Fig. 4) . Remarkably, the sEHI and PDEi modulated the EFAs distinctly, with sEHI elevating EFAs and expectedly reducing the levels of corresponding dihydroxy-FAs whereas PDEi primarily elevated EFAs and displayed minimal effects on dihydroxy-FAs (Fig. S4 demonstrates exceptions) . Consistent with the structural differences in sEHI and PDEi, rolipram lacked inhibitory activity on recombinant rat or human sEH (IC 50 > 100 μM). Therefore, the increase in EFAs by PDEi is a physiological response. Accordingly, the PDEis are a new class of non-sEHI pharmacological agents that selectively boost EFAs without impinging on the dihydroxy-FA metabolites (Tables S1  and S2) .
Despite this unanticipated overlap in the abilities of both classes of compounds to elevate the epoxide/diol ratio, the effects of the sEHI and coadministration of the sEHI with PDEi were clearly distinguishable from PDEi alone (SI Discussion and Fig. S5) . Specifically, the sEHI treatment in healthy animals elevated the epoxide/diol ratios but did not change pain-related behavior or mobility, whereas PDEi alone seemed to decrease pain-related behavior and depressed mobility. In contrast, coadministration of sEHI and PDEi produced an additive increase in the epoxy/diol fatty acid ratio in plasma while synergistically elevating the nociceptive pain thresholds.
Discussion
PDEis are used therapeutically to treat inflammatory diseases, but in rodent pain models, elevation of cAMP produces pain (20, 21, (23) (24) (25) . The anti-inflammatory versus pain-producing effects of cAMP and PDEi are contradictory. Although rolipram is a cognition-enhancing antidepressant agent, it has strong antiinflammatory properties, but it will prolong inflammatory pain if given locally (21, (26) (27) (28) (29) . It was suggested earlier that rolipram may have analgesic-like effects (26) . Our observation that a considerable fraction of rolipram's effect is regulated by EFAs in the CNS may explain the lack of similar effects of locally administered rolipram (Fig. S5) (21) . We speculate that the broad effects produced by a range of isozyme selective PDEis, including anti-inflammatory, antidepressant, and memory-enhancing activities are partially modulated by the dramatic increase in EFA. This hypothesis is supported by the finding that inhibiting isozymes of cytochrome P450 is noncompetitively antagonistic to rolipram's ability to elevate nociceptive thresholds. This suggests that a portion of the analgesia-like effects produced by rolipram is dependent on EFAs (Fig. S5E) .
The increase in EFAs produced by various PDE inhibitors was unexpected. It is possible that rolipram and other PDEis induced the expression of cytochrome P450 isozymes, in particular epoxygenases, in which case the levels of EFAs would be elevated. However, the short time scale of our bioassays and blood sampling argue against a cytochrome P450 induction-dependent increase in EFAs. Given that cAMP, rolipram, and other agents (Tables S1 and S2 ) were used to calculate the ratio for each animal. Because C18:2 fatty acids were much higher in concentration, they were not included in this graph, but can be found in Table S1 . Rolipram, TPAU, and coadministration of rolipram and TPAU significantly elevated the EFAs over dihydroxy-FAs (ANOVA followed by Dunnett two-sided t test, P < 0.008). TPAU and pentoxifylline were administered at 10 mg/kg, all other compounds at 1 mg/kg. Samples were obtained 60 min after s.c. drug administration. (B) Different effects of sEHI and PDEi on lipid metabolites. Inhibition of sEH both increased the sum of total EFAs (all groups, ANOVA followed by Dunnett two-sided t test, P = 0.001) and reduced the sum of total dihydroxy-FAs (P = 0.04), whereas the PDEi largely increased the sum of total EFAs without impinging on the sum of total dihydroxy-FA levels (ANOVA vehicle vs. all PDEi, P > 0.55). Tables S1 and S2 display detailed information on the identity and quantity of each analyte.
that elevate cAMP levels are known to lead to lipolysis, release of free fatty acids into the plasma is a more probable explanation for the observed increase in EFAs from intracellular stores (30) (31) (32) .
Rolipram and other PDEis (10-1,000 nM) in vitro elevate free fatty acid concentrations by approximately twofold, similar to the in vivo increase in EFAs we observed in this study (Fig. 4B) . Therefore, a likely mechanism of the increase in EFAs seems to be lipolysis. A mechanism for cAMP-induced lipolysis is described whereby cAMP activated PKA phosphorylation of hormonesensitive lipase and perilipin residing on intracellular lipid droplets destabilizes the lipid droplets. This allows hormone-sensitive lipase to access and break down triglycerides, releasing free fatty acids from this organelle (30) (31) (32) (33) . However, in vivo for the PDEis we tested, a number of factors including tissue type (adipose vs. liver), identity and expression profiles of the PDEs, free fatty acid uptake, and membrane reincorporation may influence the selectivity in increasing certain EFAs and particular EFA regioisomers.
In this study we demonstrate two aspects of the physiological roles of EFAs. First, it appears that a biological switch (i.e., pain state) is required for the EFAs or sEHIs to display biological activity. This is important from a therapeutical and safety standpoint if EFAs or their mimics are to be used to treat pain. We identified that this switch may be the increase in cAMP that is known to occur in inflammatory pain states or a downstream event that is initiated by cAMP-mediated signaling. Given the ubiquitous nature of cAMP-mediated signaling, the selective interaction of EFAs with cAMP opens unexplored venues to attain therapeutic effect in disease states such as opioid withdrawal-induced pain, wherein cAMP is elevated. Concurrent inhibition of the sEH and PDEs provide a number of advantages. In particular, these combinations can be used as postoperative analgesic agents or during recovery from general anesthesia, when the pain-relieving effects of sEHI coupled with transient somatosensory and motor-depressant effects of PDEi are desirable. Second, we demonstrate an approach to modulate the levels of EFAs without inhibiting the major enzyme that degrades the EFAs. The ability of PDE4-selective inhibitors to elevate EFAs as efficiently as a potent sEHI argues that a portion of the effects of the PDEi may be mediated by EFAs. This is an interesting hypothesis to test because, besides elevating cAMP, most of the mechanisms of effects mediated by PDE inhibition are not well understood. From a practical standpoint, elevating EFAs by coinhibiting sEH with PDE may be more advantageous than PDE alone because coinhibition of sEH would stabilize the EFAs and sustain the higher EFA levels while also suppressing the levels of dihydroxy-FAs that may have adverse biological effects.
Overall, two lines of evidence support the hypothesis that natural EFAs act cooperatively with cAMP: the dependence of sEHI activity on an existing pain state and the profound analgesia produced by coadministration of sEHI with PDEi. Consequently, modulating the levels of EFAs and cAMP by sEHI and sEHI/PDEi combinations should prove useful in the clinic for alleviating inflammatory and noninflammatory pain.
Materials and Methods
Details of the experimental protocols are given in SI Materials and Methods.
Animals and Chemicals. This study was approved by the institutional University of California, Davis, Animal Care and Use Committee. Male Sprague-Dawley rats weighing 250 to 300 g were obtained from Charles River Laboratories. A subset of rats was a donation from Charles River Laboratories. The sEHIs 1-trifluoromethoxyphenyl-3-(1-acetylpiperidin-4-yl) urea (TPAU) and 1-(1-methylsulfonyl-piperidin-4-yl)-3-(4-trifluoromethoxy-phenyl)-urea (TUPS) were synthesized as previously reported (34, 35) . Rolipram was purchased from Biomol. All other chemicals were obtained from Fisher Scientific.
Pain Models and Nociceptive Testing. For the PGE 2 -elicited pain model, the procedure of Khasar et al. was followed with modifications (15) . Pain-related behavior was assessed by quantifying hindlimb withdrawal responses to thermal and mechanical stimuli by using the Hargreaves, von Frey, and Randall-Selitto tests as described earlier (7, 10) . All drug administrations were done s.c. on the backs of the animals away from limbs.
Inhibitor and Eicosanoid Analyses. For quantification of brain inhibitor levels, animals were killed while under deep isoflurane anesthesia and perfused with cold saline solution to remove traces of blood from brain tissue. The plasma and brain levels of TPAU were determined as described previously (10) . Blood samples for eicosanoid analysis were collected by using a 24-gauge i.v. catheter (Insyte Autoguard; BD) from the tail vein. Plasma samples were stored at −80°C until analyses. Oxylipin analyses were carried out as described by Yang et al. with minor modifications (36) . Inhibitory potencies of the sEHIs were determined by using a modified procedure as described previously (10, 37) . Data were analyzed by ANOVA followed by Dunnett two-sided t test for between-group comparisons with the SPSS analysis package. Results are depicted as mean ± SEM. Regression equations were used for the calculation of IC 50 values.
